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ABSTRACT
We study the dust motion at the surface layer of protoplanetary disks. Dust grains in surface layer mi-
grate outward due to angular momentum transport via gas-drag force induced by the stellar radiation
pressure. In this study, we calculate mass flux of the outward motion of compact grains and porous
dust aggregates by the radiation pressure. The radiation pressure force for porous dust aggregates
is calculated using the T-Matrix Method for the Clusters of Spheres. First, we confirm that porous
dust aggregates are forced by strong radiation pressure even if they grow to be larger aggregates
in contrast to homogeneous and spherical compact grains to which efficiency of radiation pressure
becomes lower when their sizes increase. In addition, we find that the outward mass flux of porous
dust aggregates with monomer size of 0.1 µm is larger than that of compact grains by an order of
magnitude at the disk radius of 1 AU, when their sizes are several microns. This implies that large
compact grains like calcium-aluminum rich inclusions (CAIs) are hardly transported to outer region
by stellar radiation pressure, whereas porous dust aggregates like chondritic-porous interplanetary
dust particles (CP-IDPs) are efficiently transported to comet formation region. Crystalline silicates
are possibly transported in porous dust aggregates by stellar radiation pressure from inner hot region
to outer cold cometary region in the protosolar nebula.
Keywords: comets: general, protoplanetary disks, radiation: dynamics, solid state: refractory
1. INTRODUCTION
Protoplanetary disks (hereafter PPDs) are formed
around the protostar and are thought to be the site of
on-going planet formation. Present-day solar system pro-
vides us useful insights to the planet formation theory.
Among them, there have been various debates about the
origin of crystalline silicates in comets. Spectroscopic ob-
servations of comets have revealed that comets contain
substantial amount of crystalline silicates. The mass ra-
tio of crystalline silicate to total (amorphous+crystal)
silicate has wide variety, such that 70% for C/2001 Q4
(Wooden et al. 2004; Ootsubo et al. 2007), 30 ∼ 35%
for 73P/S-W3 (Harker et al. 2011; Sitko et al. 2011) and
14% for C/2007 N3 (Woodward et al. 2011). Crys-
tallinity is a smoking gun of thermal processing, however,
comets are thought to be formed at outer cold region of
PPDs where the thermal processing is not likely to occur.
In general, crystalline silicate is formed by (i) annealing
of amorphous silicate and (ii) direct condensation from
gas phase (e.g., Gail 2010). Annealing of amorphous sili-
cate is a process of re-arrangement of lattice structure us-
ing the external thermal energy. Laboratory experiment
shows that the crystallization timescale is 106 yrs for
T = 800 K and 1 yrs for T = 1000 K (e.g., Murata et al.
2009). In the case of vaporization and subsequent gas
phase condensation, required gas temperature is at least,
1380 ∼ 1310 K at 10−4 bar (Lodders 2003). This is
rather high temperature compared with that of comet
formation region, tens of kelvins.
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Since crystalline silicates are depleted in the interstel-
lar medium, which is due to cosmic-ray hit or particle
bombardment (Kemper et al. 2004, 2005), crystalline sil-
icates must be formed in the PPDs. Indeed, many ob-
servations showed the presence of crystalline silicate in
the PPDs around T-Tauri stars (Bouwman et al. 2008;
Olofsson et al. 2009; Watson et al. 2009), Herbig Ae/Be
stars (Juha´sz et al. 2010) and young brown dwarf stars
(Riaz et al. 2012). However, the formation location for
the crystalline silicate is still being debated. One pos-
sibility is annealing or condensation at inner region of
PPDs where the viscous heating yields high tempera-
ture environment (Gail 2004). Another possibility is an
in situ annealing at larger distance from the central star
by shock wave (Desch & Connolly 2002; Harker & Desch
2002) or annealing inside the clump fragmented from
massive disk (Vorobyov 2011). The other possibility is
an episodic heating by intense radiation from central star
in outburst phase. Such episodic heating event could an-
neal the amorphous silicate in the surface layer of PPDs
(A´braha´m et al. 2009; Juha´sz et al. 2012).
Chondritic porous interplanetary dust particles (CP-
IDPs) can make constraint on the origin of crystalline sil-
icates in comets, since they are considered as a cometary
origin (e.g., Messenger et al. 2014). CP-IDPs are highly
porous aggregates of sub-micron dust grains mainly made
of crystalline silicate (enstatite and forsterite) and amor-
phous silicate called GEMS (glass with embedded metal
and sulfides). Crystalline morphology found in en-
statite in CP-IDPs such as enstatite whisker or platelet
suggests the enstatite is formed via direct condensa-
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tion from gas phase (Bradley et al. 1983). The for-
mation of enstatite via condensation at inner region is
also suggested by both theoretical calculation based on
equilibrium condensation model in PPDs (Gail 2004)
and observations (Bouwman et al. 2008; Juha´sz et al.
2010). Moreover, although the origin of GEMS is still
controversial, recent studies suggested GEMS can be
formed via non-equilibrium condensation from gas-phase
(Keller & Messenger 2011; Matsuno et al. 2014). There-
fore, it is possible to form most of components in CP-
IDPs at inner region of PPDs.
While processed materials in CP-IDPs are formed at
inner region (less than 1 AU), comets are formed at
outer region of PPDs (more than 30 AU, although it
is still unclear). Thus it is suggested that in the early
phase of PPDs, there was a large scale radial mixing
which connect the inner and the outer regions of pro-
toplanetary disks. In order to explain this large scale
radial mixing, many models have been proposed so far.
One of the plausible ideas for radial mixing is a diffu-
sion of dust grains induced by turbulent gas (Gail 2001,
2004; Bockele´e-Morvan et al. 2002; Cuzzi et al. 2003;
Hughes & Armitage 2010). Gas in the protoplanetary
disks is turbulent due to the magneto-rotational insta-
bility (Balbus & Hawley 1991) and the dust grain whose
size is small enough to be coupled to gas is able to dif-
fuse to outer part to some extent. However, turbulence
also induces accretion toward the central star and it pre-
vents grains from spreading outer part of the disk. To
transport large amount of refractory grains to outer part
of PPDs against the accretion flow, evolution of initially
compact disk is important (Bockele´e-Morvan et al. 2002;
Cuzzi et al. 2003). Meridional flow model is another
model for radial mixing (Keller & Gail 2004; Ciesla 2007,
2009; Hughes & Armitage 2010). This model is based
on midplane outward flow suggested by Urpin (1984)
and Takeuchi & Lin (2002) in the two-dimensional vis-
cous disk. However global MHD simulation suggested
the meridional flow does not appear in MRI-turbulent
disks (Fromang et al. 2011). Another model is the sur-
face outflow of the dust grain by the radiation pressure
(Takeuchi & Lin 2003; Vinkovic´ 2009). Takeuchi & Lin
(2003) found that the dust grain in the optically thin
layer are exposed to the stellar radiation pressure and
it leads to the outward motion through the angular mo-
mentum exchange between dust grain and gas.
Here, we model the outward motion of dust grains in
the surface layer of protoplanetary disks by the stellar ra-
diation pressure based on the model of Takeuchi & Lin
(2003). To mimic CP-IDPs, we consider porous ag-
gregates of small spherical grains, called monomers.
Although previous studies assumed homogeneous and
spherical compact grain, it is presumed that the radi-
ation pressure to the porous dust aggregates is more effi-
cient than the compact sphere with equivalent radius so
that the surface outflow of porous dust aggregates works
more efficiently than the compact grain. One of the most
important parts of this work is a calculation of optical
properties of porous dust aggregates. In many studies,
optical properties of porous dust aggregates are calcu-
lated using simply approximated methods, such as the
effective medium theory (e.g., Chy´lek et al. 2000). How-
ever, this method is applicable to the particle whose size
is smaller than the wavelength. The peak wavelength of
black body radiation from a typical T-Tauri star or pro-
tostar is sub-micron and it is roughly comparable to the
size of monomer of porous dust aggregates. Therefore,
we should use a scheme that has an accuracy in such
wavelength. In this work we use the T-Matrix Method
that is a one of most precise methods for calculating op-
tical properties of porous dust aggregates (see Sect. 2.3.2
for more details).
The plan of this paper is as follows. In section 2, we
introduce the model of gas/dust disk and optical proper-
ties of grains. In section 3, we show the result of optical
properties of porous aggregates and dynamics of dust
grain at the surface layer of PPDs, and discuss the re-
sult. Finally, in section 4, we state the implication to the
origin of cometary grains.
2. MODEL
In this paper, we adopt cylindrical coordinate (r, φ, z)
and assumed an axisymmetric and geometrically thin
disk.
2.1. Gas Disk
We assume that gas is in hydrostatic equilibrium in the
vertical direction,
− GM∗z
(r2 + z2)3/2
− 1
ρg
∂Pg
∂z
= 0, (1)
where G is gravitational constant and M∗ is the mass
of the central star, and ρg and Pg are the density and
pressure of gas, respectively. We neglect here the self-
gravity of disk. Suppose isothermal in z-direction, the
gas density is given by
ρg(r, z) = ρg(r, 0) exp
(
− z
2
2h2g
)
. (2)
hg is the gas scale height defined as
hg = cs/ΩK,mid, (3)
where cs is the sound speed, and ΩK,mid = (GM∗/r
3)1/2
is the angular frequency at the midplane of Keplerian
disks. The force balance in radial direction respected to
gas particle is
rΩ2g −
GM∗r
(r2 + z2)3/2
− 1
ρg
∂Pg
∂r
= 0. (4)
If we define η as a ratio of gas pressure and stellar gravity,
η = −(rΩ2Kρg)−1∂Pg/∂r, then
Ωg = ΩK,mid (1− η)1/2 , (5)
where we neglect higher order than (z/r)2.
For simplicity, the radial profiles of the gas density and
temperature are assumed to have power-law forms, such
that
ρg(r, 0)=ρg,0
( r
1AU
)p
, (6)
T (r)=T0
( r
1AU
)q
, (7)
where T is the temperature. Then the gas scale height
in Eq. (3) becomes
hg = h0
( r
1AU
)(q+3)/2
. (8)
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The surface density of gas disk is reduced to
Σg(r)=
∫ ∞
−∞
ρg(r, z)dz
=
√
2piρg,0h0
( r
1AU
)p+(q+3)/2
. (9)
Also, η can be written in the following form
(Takeuchi & Lin 2002)
η = −
(
hg
r
)2(
p+ q +
q + 3
2
z2
h2g
)
. (10)
In this paper, we adopt p = −2.25, q = −0.5, ρg,0 =
2.83 × 10−10 g/cm3, h0 = 3.33 × 10−2 AU and T0 =
278 K. Then the disk mass within 40 AU is 0.01 M⊙
and this is comparable to Minimum Mass Solar Nebula
(Hayashi et al. 1985). Also, in this case η is positive near
the midplane, while it becomes negative at the surface
layer (z & 1.5hg). Therefore, the gas disk rotates with
sub-Keplerian velocity near the midplane and with super-
Keplerian velocity at the surface layer.
Gas disk accretes onto star due to angular momentum
transport induced by the MHD turbulence. The conser-
vation of mass and angular momentum are reduced to
vg,r = −3ν
r
∂ln(Σgνr
1/2)
∂ln r
. (11)
For the model of turbulent viscosity, we assume the α-
model (Shakura & Sunyaev 1973),
ν = αcshg, (12)
where α is a non dimensional quantity that indicates the
strength of turbulent viscosity. We adopt α = 10−3 and
assume it is constant in vertical direction in this paper.
2.2. Dust Disk
For dust grains smaller than the mean free path of gas
molecules, the Epstein’s law is applicable. The mean free
path of gas molecules in the disks is given by
λmfp =
µmH
σmolρg
= 6.9
( r
1AU
)2.25
cm, (13)
where µ = 2.34 is the mean molecular mass, mH is the
mass of hydrogen atom, σmol = 2×10−15 cm2 is collision
cross-section of gas molecules. The grain radius we treat
in this paper is always smaller than the mean free path.
The Epstein’s law of gas drag force is given by
Fdrag = −4
3
ρgσvtv, (14)
where vt =
√
8/pics is the thermal velocity of gas, σ is
the geometrical cross-section of dust grain and v is the
relative velocity between gas and dust. The timescale of
the gas drag force can be estimated as
ts =
mv
|Fdrag| =
3
4
m
σ
1
ρgvt
, (15)
where m is the mass of a dust particle. It represents
the typical timescale in which dust grains lose their mo-
mentum by the gas drag force. This timescale is called
“stopping time” and it is convenient to use the stopping
time normalized by the dynamical time, Ts ≡ tsΩK,mid.
In the case of Ts ≪ 1, dust grains stop so quickly relative
to gas that the dust grains move just like gas (well cou-
pled). If Ts ≫ 1, the gas drag force is ineffective therefore
the dust grains move independent of gas (decoupled).
If we assume that the distribution of dust particles in
the vertical direction is controlled by turbulent mixing of
gas, the density distribution of dust grains is derived as
ρd(r, z) = ρd(r, 0) exp
[
− z
2
2h2g
− Ts,mid
α
(
exp
z2
2h2g
− 1
)]
,
(16)
where Ts,mid is the non-dimensional stopping time at
midplane (Takeuchi & Lin 2003). Note that the density
distribution of dust grains is deviated from the Gaus-
sian distribution at high altitude (z ≥ hg) since dust
grains become decoupled from gas. α in Eq.(16) is a non-
dimensional parameter for the turbulent diffusion coef-
ficient and we simply assume that α is the same as the
parameter for the turbulent viscosity in Eq. (12) in this
paper. The dust density at the midplane, ρd(r, 0), is de-
rived so that the dust surface density,
Σd(r) =
∫ ∞
−∞
ρd(r, z)dz, (17)
satisfies Σd(r) = fdustΣg(r), where fdust is the dust-to-
gas mass ratio and we adopt fdust = 0.01 in this paper.
The equation of motion of dust grains is
dvd,r
dt
=
v2d,φ
r
− (1− β)Ω2K,midr −
vd,r − vg,r
ts
, (18)
d
dt
(rvd,φ) = −rvd,φ − vg,φ
ts
, (19)
where vd,r and vd,φ are the radial and azimuthal veloci-
ties of dust grains, respectively, and vg,φ is the azimuthal
velocity of gas. β is a ratio of radiation pressure and stel-
lar gravity. We neglect the effect of Poynting-Robertson
drag in both Eq. (18) and Eq. (19) since it is negligible
compared to the gas drag force in gas-rich protoplan-
etary disks (Takeuchi & Artymowicz 2001). Assuming
vd,φ ∼ vg,φ ∼ vK and steady state, and solving Eq.(5),
Eq. (18) and Eq. (19), we get
vd,r =
vg,rT
−1
s + (β − η)vK
Ts + T
−1
s
, (20)
where vK = rΩK,mid is the Keplerian velocity. Eq.(20)
shows that the dust radial velocity is coincident with
gas accretion velocity when the dust grains are well cou-
pled to gas (Ts ≪ 1) and the dust grains with large β
compared to η can move outward when they are weakly
decoupled from gas (Ts ∼ 1). When the gas drag force is
negligible, Eq.(18) shows that the rotation frequency of
dust particles becomes
Ωd = ΩK,mid(1 − β)1/2, (21)
and the dust particles orbit around the central star with
sub-Keplerian frequency due to radiation pressure in sur-
face layer.
In optically thin surface layer where the stellar radia-
tion is not absorbed by dust grains, the ratio is reduced
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to (Burns et al. 1979)
β0 ≡ FRP,0
Fgrav
= K
( σ
m
)∫ ∞
0
QRP(x,m)Bλ(T∗)dλ, (22)
where K = piR2∗/(GM∗c) is a constant, R∗ is the ra-
dius of the central star, and Bλ(T∗) is the Planck func-
tion at the effective temperature of the central star, T∗,
and the wavelength of incident radiation, λ. We assume
M∗ =M⊙ and T∗ = 5778 K, which is plausible value for
the stellar effective temperature in outburst phase (e.g.,
Juha´sz et al. 2012). QRP(x,m) is the efficiency of radi-
ation pressure, and x and m are the size parameter and
the refractive index of dust grains, respectively (see Sect.
2.3 for more details). Both of the gravity and radiation
pressure inversely proportional to the square of disk ra-
dius, hence β0 does not depend on the distance from the
central star.
The presence of dust grains makes the protoplanetary
disk optically thick. The irradiation from the central
star, and then the radiation pressure is reduced by dust
absorption as FRP = FRP,0 exp(−τ), and β becomes
β = β0 exp[−τ(r, z)]. (23)
We note that contribution of stellar radiation scattered
on dust grains is simply neglected in this study. We
calculate the optical depth from the central star as
τ(r, z) =
∫ r
rin
κabs,disk
fdust
ρd(r
′, z′)
√
1 +
z′2
r′2
dr′, (24)
where rin is the inner radius of disk, which is assumed
to be rin = 0.1 AU, and κabs,disk is the mass absorption
opacity and we simply adopt the typical value at visible
wavelength, κabs,disk = 100 g/cm
2.
2.3. Dust Model
We deal with porous aggregates composed of num-
ber of spherical monomers. BCCA (Ballistic-Cluster-
Cluster Aggregation) and BPCA (Ballistic-Particle-
Cluster-Aggregation) are widely used as models for
porous aggregates. The degree of fluffiness can be de-
scribed by the fractal dimension D defined by
N ∝
(
sc
s0
)D
(25)
where N is the monomer number, s0 is the monomer ra-
dius and sc is the characteristic radius of porous aggre-
gates. BCCA and BPCA show D ∼ 2.0 and 3.0, respec-
tively. The characteristic radius of porous aggregates is
given by
s2c =
3
5
s2g, sg =

 1
2N2
N∑
i
N∑
j
(si − sj)2


1/2
, (26)
where si, sj are the position vector of the i-th and j-
th monomers (e.g., Mukai et al. 1992). In this paper,
three types of dust grain, a monomer, compact grains
and porous aggregates, are considered. We define the
filling factor of porous aggregates as,
f = N
(
s0
sc
)3
. (27)
Porous aggregates are assumed to be BCCA with 8, 16,
32, 64, 128, 256, 512 and 1024 monomers. The monomer
radius of s0 = 0.1 µm is adopted, which is a typical size
of GEMS or crystalline enstatite. Dust physical density
of olivine, ρs = 3.3 g/cm
3 (Draine & Lee 1984), is used.
2.3.1. Optical Properties of Dust Grains
Optical properties, or the scattering and absorption by
a particle, vary drastically depending on it’s size, shape
and chemical composition. The dependence on size and
wavelength can be scaled by the size parameter,
x = ks =
2pis
λ
, (28)
where s is the size of particle, k is the wave number and
λ is an incident wavelength. The other factor that con-
trols optical properties is refractive index of particle. It
is convenient to use the complex representation of re-
fractive index, m = n+ ik where n and k is the real part
and imaginary part of refractive index, respectively. Note
that in this paper, the symbol k denotes the wavenumber
while k represents the imaginary part of complex refrac-
tive index. Real part of m determines the phase velocity
in the medium and imaginary part represents the absorp-
tion by the medium. In this paper, the chemical com-
position of dust grain is assumed to be the astronomical
silicate (e.g., Draine & Lee 1984; Weingartner & Draine
2001; Li & Draine 2001). It should be noted that as-
tronomical silicates are amorphous, and in general opti-
cal constants differ between amorphous and crystal. An
anisotropic crystal, such as an enstatite whisker, has dif-
ferent optical properties respect to each crystalline axis,
thus the Mie Theory, and then the T-Matrix Method, are
not applicable without some approximation. Therefore,
in this paper, we simply assume homogeneous, isotropic
amorphous silicate as a monomer.
Once we know the size parameter and complex re-
fractive index, we can calculate absorption/scattering
cross-section. We define the efficiency for absorption and
scattering as Qabs = Cabs/σ and Qsca = Csca/σ where
Cabs/sca is the absorption/scattering cross-section and σ
is the geometrical cross-section of the dust particle. Us-
ing the absorption and scattering efficiency, we can de-
scribe the radiation pressure efficiency as
QRP = Qabs + (1− g)Qsca, (29)
where g is the asymmetry parameter defined by g =<
cos θ >. Here, θ is the scattering angle. Asymmetry
parameter represents the degree of forward scattering.
For the longer wavelength (x≪ 1), g = 0 due to Rayleigh
scattering and then QRP ∼ Qext. Also in the Rayleigh
regime, extinction efficiency is dominated by absorption
efficiency. Eventually, QRP ∼ Qabs. If the size parameter
is large (x ≫ 1), asymmetry parameter approaches to
unity and then QRP ∼ Qabs. The scattering plays an
important role for radiation pressure when x ∼ 1.
2.3.2. Optical Properties of Porous Aggregates
We can calculate these optical properties using the Mie
Theory if the grain is homogeneous, isotropic and spher-
ical (Bohren & Huffman 1983). However, in the case of
inhomogeneous aggregates this semi-analytical method is
not applicable. In order to calculate the optical proper-
ties of porous aggregates, we need numerical methods.
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Table 1
The characteristic radiussc and β-value of porous aggregates with monomer number of N
N 1 8 16 32 64 128 256 512 1024
sc 0.1 0.33 0.46 0.74 1.04 1.41 2.34 3.09 4.37
β 0.73 0.69 0.68 0.67 0.66 0.65 0.64 0.64 0.62
One of the simplest ways is using the Effective Medium
Theory (EMT) (e.g., Chy´lek et al. 2000). This theory
deals with porous aggregates as a sphere with effec-
tive optical constants. The formulation of the EMT as-
sumes that (i) incident light is static fields, which is ap-
proximately satisfied unless the inverse of the frequency
of incident lights falls the timescale of polarization of
monomer (Rayleigh limits) and (ii) neglecting the inter-
action between monomer’s scattered fields. Therefore,
in principle, the EMT cannot handle the shorter wave-
length domain where the higher order of Lorentz-Mie co-
efficients becomes important.
Another method commonly used is the Discrete Dipole
Approximation (DDA) (Purcell & Pennypacker 1973;
Draine & Flatau 1994). The advantage of DDA is
applicability to arbitrary shaped, inhomogeneous and
anisotropic particle. If monomer is divided into Nd-
dipoles having the dipole polarizability determined via
radiative reaction corrections (Draine 1988) and lattice
dispersion relation (Draine & Goodman 1993), the DDA
can treat porous aggregates and yields correct results,
when Nd is taken to be large enough to converge the
calculation. However, with increasing Nd, the computa-
tion of the DDA requires huge computing memory and
long computing time. One way to reduce numerical costs
is to replace spherical monomers as single dipoles (e.g.,
Okamoto & Xu 1998), however, this method only appli-
cable for xm < 1.
The T-Matrix Method for the Clusters of Spheres
(TMM) is also widely accepted method (e.g.,
Mishchenko et al. 1996; Okada 2008). This is one
of the most rigorous methods of calculating optical
properties of porous aggregates using the multi-sphere
superposition method. The TMM is applicable to
xv < 100 where xv is a size parameter for the volume
equivalent sphere (e.g., Mishchenko et al. 2000).
The peak wavelength of the blackbody radiation at
T∗ = 5778 K is λpeak ∼ 0.5 µm so that, at the peak
wavelength, size parameter for the monomer is xm ∼ 1.25
and volume equivalent size parameter is xv ∼ 12.6 when
the monomer size is 0.1 µm and monomer number is
N = 1024. Therefore, we can use the T-Matrix Method.
We use the code by Okada (2008), with which faster
computation speed is available by adopting the quasi-
orientation averaging2. In our calculation, we averaged
optical properties over 30 orientations for each aggre-
gates.
3. RESULTS
First, we report the difference of β-value, the ratio of
the radiation pressure to stellar gravity, between porous
aggregates and compact grains. And next using the re-
sult, we calculate the radial velocity of dust grain at the
surface layer and estimate the outward mass flux.
2 This is an open code and one can download it from following
website. http://www.iup.uni-bremen.de/~{alexk}/page26.html
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Figure 1. β for the compact silicate grain (red lines) and porous
aggregates (BCCA) with N=1 (monomer), 8, 16, 32, 64, 128, 256,
512 and 1024 obtained by the T-Matrix Method (blue squares).
Top panel is the case for s0 = 0.01 µm and bottom panel is for
s0 = 0.1 µm. β for porous aggregates are almost the same as
the monomer’s β-value. β for porous aggregates obtained by Mie
Theory with Maxwell-Garnett approximation for effective dielectric
function are also plotted (green dashed lines). When s0 = 0.1µm,
the wavelength of stellar radiation is shorter than the monomer ra-
dius and the β-value obtained by effective medium theory deviates
from that of T-Matrix Method.
3.1. Radiation Pressure
We calculate β-values for porous aggregates and com-
pact grains based on Eq.(22) and Eq.(29) and plot them
in Figure 1. For comparison, β for porous aggregates
with s0 = 0.01 µm is plotted in addition to our fiducial
model with s0 = 0.1 µm. In Table 1, we summarize the
sizes of aggregates composed of 0.1 µm-sized monomers
and their β-values. The absorption and scattering cross
sections are calculated using the Mie Theory for com-
pact grains, and using the T-Matrix Method for porous
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aggregates. Properties of light scattering and absorption
by porous aggregates will be discussed in Tazaki et al.
(in prep.). Hence, we only describe β-value in this pa-
per. In the case of compact grain, as the size increases,
β-value also increases when the grain size is small. When
x ∼ 1, β-curve strongly depends on optical constants due
to resonance and interference effect (see e.g., Appendix
B in Miyake & Nakagawa 1993). In geometrical optics
regime where x ≫ 1 and a monomer is optically thick,
QRP does not depend on size parameter and β-value for
the compact grain only depends on area-to-mass ratio,
that is, β ∝ s−1. Therefore as the size increases, β-
value for compact grain decreases. In contrast, in the
case of porous aggregates β-value remains high even if
the monomer number or characteristic radius increases
(e.g., Kimura et al. 2002; Ko¨hler et al. 2007). As we
mentioned in Sect.2.3.1, if x ≪ 1, absorption dominate
the radiation pressure efficiency, QRP ∼ Qabs. In addi-
tion, in this regime absorption cross-section of BCCA can
be simply described by superposition of monomer’s ab-
sorption cross-section, Cabs(N) = NCabs(N = 1) (e.g.,
Kolokolova et al. 2007; Kataoka et al. 2014). Therefore,
βN,BCCA/βN=1 ∝ N0.
In Figure 1, we also plot β-value obtained using effec-
tive medium theory with Maxwell-Garnet mixing rules
(Chy´lek et al. 2000) with filling factor defined by Eq.
(27) for comparison with T-Matrix Method. In the case
of s0 = 0.01µm, the result of effective medium theory
does not deviate from that of T-Matrix Method very
much, although it does if s0 = 0.1 µm. This is because,
in the latter case, the size parameter of a monomer ap-
proaches to unity, then 2nd or higher order of Lorentz-
Mie coefficients cannot be negligible and the EMT ap-
proximation breaks down.
3.2. Outward Drift of Grains in Surface Layer
Figure 2 shows the radial velocity of dust grain ob-
tained from Eq. (20) . Above the photosphere (τ = 1),
dust grains are exposed to stellar radiation pressure and
they move along spiral-out orbit. Outward drift veloc-
ity becomes maximum where non-dimensional stopping
time equals to unity. In this case, vd,r|Ts=1 ∼ βvK/2
when β ≫ η. β for compact grain with s = 4.37 µm
(equivalent to the characteristic radius of BCCA with
1024 monomers) is β = 0.043, whereas β = 0.62 for
porous aggregates. Therefore, the outward drift veloc-
ity for porous aggregates is 62% of the Keplerian veloc-
ity while 4.3% for compact grains. However, the veloc-
ity with which most of mass is transported is relatively
slower than this velocity because, just above the photo-
sphere, dust grains are weakly coupled to gas, that is,
Ts < 1 (see Figure 2). Since the dust density rapidly
decreases as the height increases, the outward mass flux
is determined by the radial velocity and dust density at
illuminated surface, or just above τ = 1. At the surface
layer, the radial velocity can be described approximately
as vd,r(r, zsur) = vg,r + βvKTs where we neglect η since
η ≪ β and omit the second order of Ts.
We define blowing out timescale as tb = r/|vd,r,zsur |
and plot it in Figure 3. zsur is the height where τ = 1.
Figure 3 also shows that the monomer or porous aggre-
gates blow outward with shorter timescale than compact
grain, since β of porous aggregates is larger than that
of compact grain by an order of magnitude. It is also
inferred that the porous aggregates cannot move beyond
around 200 AU before dispersal of a disk if we consider
that disk dispersal timescale is an order of Myr (e.g.,
Herna´ndez et al. 2008). Note that since stopping time
of porous aggregates and compact grain is different, the
height of illuminated surface is also different between
them. Thus, the difference in blowing out timescales of
compact grain and porous aggregates comes from both
β-value and Ts.
Figure 3 implies that the outward flow velocity at the
surface layer is high. However the outward mass flux is
not very large since only small fraction of dust grains can
reside in the optically thin surface layer. We evaluate the
mass flux by surface outward flow defined by
Fout(r) = 2
∫ ∞
zsur
2pirρd(r, z)|vd,r(r, z)|dz, (30)
where the factor 2 arises from the both sides of disk.
The outward mass flux can be written approximately as
Fout ∼ 2pir|vd,r(r, zsur)|Σd,sur where Σd,sur is
Σd,sur = 2
∫ ∞
zsur
ρd(r, z)dz. (31)
In Figure 4, we plot the outward mass flux at r = 1AU
as a function of grain radius. Figure 4 is qualitatively
similar to Figure 1. Outward mass flux is 1.4 × 1012
g/sec for porous aggregates with N = 1024 whereas it
is 1.7 × 1011 g/sec for compact grain with the same ra-
dius. Thus, porous aggregates are blown out more ef-
fectively than compact grain by an order of magnitude.
What we should mention here is the porous aggregation
itself does not affect the outward mass flux of dust grain.
Even if they grow to be larger size, porous aggregates
can move outward as effectively as a monomer whereas
compact grains cannot since the radiation pressure be-
comes small. β of porous aggregates keeps constant as
they grow until their fractal dimension deviates from 2
owing to compaction such as by collisional compression
(e.g., Okuzumi et al. 2012).
Juha´sz et al. (2012) reported crystalline features are
detected from inner region of PPDs soon after the out-
burst, however these crystalline features decrease as time
goes on. They construct a model and conclude that de-
pletion of the crystalline grains after the outburst cannot
be explained by the vertical mixing and they are trans-
ported to large disk radii due to, for example, radiation
pressure.
3.3. Timescales of Vertical Dust Dynamics
In the previous section, we do not take into account
vertical motion of dust grains. In PPDs, dust grains can
also move in the vertical direction due to stellar gravity
and turbulent mixing. Once grains sink into optically
thick region, they cannot be exposed to the radiation
pressure any more. Hence, it is valuable to mention here
about timescales of vertical motion and radial motion.
For simplicity, only settling and turbulent stirring are
considered as the vertical motion of dust grains. Dust
grains settle down to the disk midplane due to the stellar
gravity and experience the gas drag force. Thus, the
settling velocity vsett can be determined by the balance
between the stellar gravity and the gas drag force, and
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Figure 2. The blowing out region at the surface layer of protoplanetary disks. Yellow solid line indicates the height where τ = 1 defined
in Eq. (24). Top panel is for the compact grains and bottom panel is for the porous aggregates. The grain radius of 4.37 µm is adopted
for both models. The color scale represents the radial velocity of dust particle normalized by Keplerian velocity.
the settling timescale can be described by
tsett =
z
vsett
=
4
3
σ
m
ρgvt
Ω2K,mid
, (32)
(Dullemond & Dominik 2004). Since the gas density de-
creases as disk height increases, the settling timescale
becomes small at the large height of the disk.
Meanwhile, dust grains are stirred up by turbulent gas.
The timescale of turbulent diffusion can be written in
the form of tstir = z
2/Ddiff , where Ddiff is the diffusion
coefficient of dust grains and depends on (i) the strength
of turbulence and (ii) the degree of coupling between gas
and dust. Since the strong turbulence yields the large
diffusion coefficient, the diffusion coefficient is set to be
proportional to the turbulent viscosity of gas, ν. On the
other hand, if dust grains are completely decoupled from
gas, then the diffusion coefficient must be zero. Thus,
we get Ddiff = ν/Sc where Sc is the Schmidt number
defined by Sc = 1 + St (Cuzzi et al. 1993), and St is
the Stokes number defined by St ≡ (vt/cs)Ts. For the
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Figure 3. Blowing out timescales for the compact grain with
s = 4.37µm (red line), BCCA with N=1024 and s0 = 0.1µm (green
line) and monomer with s0 = 0.1µm (blue line).
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Figure 4. The outward mass flux at r = 1 AU is plotted as a
function of particle radius. Red line represents the mass flux for
the compact grain and blue squares are for porous aggregates with
N = 1 ∼ 1024 and s0 = 0.1µm.
well coupled case, the Schmidt number approaches unity,
and for the completely decoupled case, this number goes
to infinity. If we adopt the α model for the turbulent
viscosity (Eq.(12)), we get the stirring timescale,
tstir =
Sc
αΩK,mid
z2
h2g
. (33)
We compare the blow out timescale and the timescale
of vertical dynamics (settling and stirring). Figure 5
shows vertical timescales of porous aggregates and com-
pact grains. The depletion latitude of dust grains can
be determined by the balance between tstir and 100tsett
(Dullemond & Dominik 2004) and 100tsett is also plotted
with dashed line in Figure 5. In the case of porous aggre-
gates, the blowing out timescale is shorter than vertical
dynamical timescales. Therefore porous aggregates can
be blown out ballistically. In contrast, compact grains
experience faster settling due to their loose coupling to
gas. Thus they settle down to midplane and can not
drift outward anymore. Note that Vinkovic´ (2009) sug-
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gested that the grain is lifted up by radiation pressure
force from disk emission, hence the net effect of settling
is reduced. Under such circumstances, grain might be
transported without sink to disk midplane. To verify
this effect, further calculation is necessary.
Outward mass flux for porous aggregates with s0 =
0.1µm and N = 1024 at 1 AU is 1.4×1012 g/sec. Porous
aggregates are expected to avoid fast settling, then, op-
timistically, total mass transported from inner region
to comet formation region is at most 1.4 × 1012 g/sec
×Myr ∼ 4.5 × 1025 g, which is comparable to the mass
of the Kuiper Belt Objects (e.g., Chiang et al. 2007).
4. IMPLICATIONS TO THE ORIGIN OF COMETARY
GRAINS
Our results suggest that porous aggregates like CP-
IDPs are blown out efficiently, whereas compact grain
like calcium aluminum rich inclusions (CAIs) are hardly
blown out by radiation pressure in the surface layer of
the protosolar nebula. It is worth noting that this re-
sult does not always contradict with the result of Star-
dust mission, which is a sample return mission from
comet 81P/Wild 2 conducted by NASA. Stardust sam-
ples showed that comet 81P/Wild 2 contains not only
crystalline silicate but also refractory grains such as CAIs
and chondrule fragments that are usually found in me-
teorites (Brownlee 2014, and references therein). How-
ever, crystallographically, crystalline silicates found in
collected stardust samples and CP-IDPs have different
properties. For instance the enstatite whiskers in CP-
IDPs tend to elongate in the [100]-direction whereas en-
statite in Stardust samples shows structure in the [001]-
direction that is, when not equiaxial, commonly found in
meteorites (Ishii et al. 2008). Since materials in comet
81P/Wild 2 resemble to that in meteorites originating
from asteroids, these results imply that in the early solar
nebula comet 81P/Wild 2 could originally be a member
of asteroids. Indeed, recent N-body calculation suggested
planetesimals could be scattered from a few AU to far
beyond current Neptunian orbit (e.g., Nagasawa et al.
2014). Therefore, if this were true, the origin of crys-
talline silicate in comet 81P/Wild 2 and CP-IDPs are
not necessary the same so that the large compact grains,
like CAIs, are not necessary to transport from inner disk
to outer disk by stellar radiation pressure.
5. SUMMARY
We have studied the surface outflow of dust grains by
the stellar radiation pressure to explain the presence of
crystalline silicate in comets. Especially, we took into ac-
count the porosity of dust grain to mimic the CP-IDPs
which originate from comets. First, we confirmed the ra-
diation pressure for the porous aggregates is determined
by the monomer’s properties. Based on this results, we
have calculated the outward mass flux at the surface
layer. As a results, porous aggregates show much higher
mass flux compared to the compact grains when their
radii are equivalent. This suggests porous aggregates like
CP-IDPs are transported to outer region of PPDs effi-
ciently, thus our model could be a possible candidate for
the transport mechanism of crystalline silicates in porous
aggregates from inner hot regions to outer cometary re-
gions.
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